The interface between nanoscale electronic devices and biological systems enables interactions at length scales natural to biology, and thus should maximize communication between these two diverse yet complementary systems. Moreover, nanostructures and nanostructured substrates show enhanced coupling to artificial membranes, cells, and tissue. Such nano-bio interfaces offer better sensitivity and spatial resolution as compared to conventional planar structures. In this work, we will report the electrical properties of silicon nanowires (SiNWs) interfaced with embryonic chicken hearts and cultured cardiomyocytes. We developed a scheme that allowed us to manipulate the nanoelectronic to tissue/cell interfaces while monitoring their electrical activity. In addition, by utilizing the bottom-up approach, we extended our work to the subcellular regime, and interfaced cells with the smallest reported device ever and thus exceeded the spatial and temporal resolution limits of other electrical recording techniques. The exceptional synthetic control and flexible assembly of nanowires (NWs) provides powerful tools for fundamental studies and applications in life science, and opens up the potential of merging active transistors with cells such that the distinction between nonliving and living systems is blurred.
INTRODUCTION
Recording electrical signals from cells and tissue is central to areas ranging from the fundamental biophysical studies of function in, for example, the heart and brain, through medical monitoring and intervention. Over the past several decades, studies of electroactive cells and tissue have been carried out by using a variety of recording techniques, including glass micropipette intracellular and patch-clamp electrodes [1, 2] , voltage-sensitive dyes [3, 4] , multielectrode arrays (MEAs) [5, 6] , and planar field-effect transistors (FETs) [7, 8] . The latter two use well-developed microfabrication methods to allow for multiplexed detection on a scale not possible with micropipette technology, although the MEAs exhibit limited signal-to-noise (S/N) and relatively large detection areas that make cellular and subcellular recording immensely challenging [9, 10] .
NWs elaborated as well-defined n-or p-channel FETs have been used as ultrasensitive sensors of chemical and biological species. In 2004, we achieved the limit of biological detection-single particle sensitivity-by detecting, in real time, the reversible and selective binding of virus particles to antibodymodified NW FETs [19] . The exquisite sensitivity of NW FETs was further demonstrated by sensing of a cancer marker protein, prostate specific antigen (PSA), down to approximately 75 fg/ml, or approximately 2 fM [20] ; this represents a sensitivity limit 104-109 times below the state-of-the-art ion-sensitive planar FETs [23] . These sensitivities were also verified using top-down fabricated NWs [24] . In addition, using NW FET arrays we demonstrated multiplexed detection of multiple cancer markers with the same femtomolar sensitivity [20] . Recently, the use of SiNW FETs was extended to detection of DNA translocations. In this research we incorporated a SiNW short-channel sensor near a nanopore in a SiN x thin membrane and used the highly sensitive FET to detect DNA translocations that are correlated with ionic current blockade events. These results will potentially provide a new class of nanopore sequencing devices for future investigations of DNA with high throughput and sensitivity [25] .
Advantages of nanoscale morphology for cellular interfaces
A major advantage of NW FETs relates to the coupling between the NW and cells. The formation of a tight junction between a cell or cellular projections and the semiconductor surface is important in determining sensitivity, when measuring local field changes given the high ionic strength (ca. 150 mM) of cell culture medium. On a perfectly flat surface, the junction gap is on the order of tens of nanometers, a result of the finite size of adhesion/transmembrane proteins. NWs, however, are freestanding structures that protrude from the surface of the substrate and are expected to form naturally tighter junctions with the local cell membrane than is possible with a planar device ( Figs. 2A and B) .
Cellular adhesion, guidance, proliferation, and fate may be further enhanced by unique interactions between the nano-topographic surface and cell membrane [26] [27] [28] [29] [30] . For example, it has been demonstrated that nanostructured surfaces formed by carbon nanotube (CNT) networks or etched silica promote cellular adhesion, spreading, and guidance, even in the absence of conventional adhesion fac-tors such as polylysine [31] . Moreover, sparse NW arrays were shown to direct axonal growth over large areas and with high spatial resolution; these arrays promoted the formation of focal adhesions, which are critical for tight cell-substrate junctions [32] . Taken together, these findings indicate that NW FETs could serve not only as sensitive electronic devices, but also as nanoscale interfaces that promote unique and favorable substrate-cell interactions.
One final aspect of nanostructured surfaces that warrants emphasis is their effect on ion-channel function. For example, results suggest that neurons cultured on CNT mats exhibit enhanced spiking activity (vs. those cultured on planar control surfaces), and thus that the conductive, nanostructured surface enhances membrane excitability [33, 34] . While these studies warrant further mechanistic investigations, they provide additional evidence that nanostructured surfaces form unique interactions with the cell membranes not realized previously with planar electronic devices.
FLEXIBLE NW DEVICE ARRAY INTERFACES WITH HEARTS
Whole tissue, for example, the heart, represents a system where NW devices could be used to collect electrophysiological information. Activation sequences across the surface of the heart have been measured using macroscale metallic electrodes [35] , optical microscopy of dyed tissue [3] , and MEAs [6] , but none of these techniques has been miniaturized to achieve single-cell resolution. Given the complexities of activation sequences, cellular-or subcellular-level interfaces with cardiac tissue could be crucial for better understanding cardiac dysfunction, such as, for example, arrhythmia [36] .
Characterization of heart/NW interface
We used live hearts from embryonic chickens (E10-E15 stage) as a model system for studying tissue/NW interfaces. In a typical experiment with a planar NW FET chip configuration (Figs. 3A and B) , a freshly isolated heart was placed on top of the active device region of a heated sample chamber [37] . The hearts beat spontaneously at a typical frequency of 1-3 Hz. Representative data of simultaneous recording from an NW FET and from a conventional glass pipette electrode inserted into the heart show close temporal correlation between initial sharp peaks, although the pipette peak occurs ca. 100 ms before the NW FET peak in each beat (Fig. 3C) . The consistent time difference is expected since the pipette was inserted into a spatially remote region with respect to the NW FET devices. Examination of individual NW signals reveals an initial fast phase (full-width at half maximum, FWHM = 6.8 ± 0.7 ms) followed by a slower phase (FWHM = 31 ± 9 ms), where these two phases can be attributed to transient ion-channel current and mechanical motion, respectively. NW FET signals exhibiting the fast followed by slow phases were recorded in 85 % of our >75 independent experiments, and thus demonstrate the reproducibility of our NW-based recording approach for tissue measurements [37] .
The peaks recorded with our NW FETs (Fig. 3C ) exhibit excellent S/N. The observed conductance changes associated with these peaks depend on the device sensitivity. To illustrate this point and provide voltage calibration for the peaks, data were recorded at a variety of applied water-gate potentials. NW FET results from a beating heart with the water-gate varied from -0.4 to 0.4 V show a decrease in the magnitude of the fast transient conductance change from ca. 55 to 11 nS, which is correlated with the decrease in device sensitivity over this same range of water-gate potentials [37] . Notably, the voltage-calibrated signal determined using the device sensitivity was essentially constant at 5.1 ± 0.4 mV. These results confirm the stability of the interface between the NW FETs and beating heart, and highlight the necessity of recording explicit device sensitivity to interpret corresponding voltages [37] .
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Transparent and flexible substrates
NWs and CNT FETs can be fabricated on flexible plastic substrates [38] [39] [40] and thus open up the possibility of making chips that can be readily deformed to tissue and organs or used for in vivo studies. We have explored this concept by assembling active NW FETs on 50-μm-thick flexible and transparent Kapton substrates. These flexible and transparent NW FET chips enable simultaneous optical imaging and electronic recording in configurations that are not readily accessible with traditional planar device chips, yet advantageous for producing diverse, functional tissue-device interfaces. A bent device chip with concave surface facing a beating heart immersed in medium (Fig. 4A) illustrates this capability. We note that the chip is readily integrated into an upright microscope and allows for both visual inspection and higher-resolution imaging through the transparent substrate while recording from NW FET devices (Fig. 4B) . Our capacity for simultaneous imaging of tissue and devices enables their registration at the level of the entire organ down to individual cells. Notably, recording from a representative NW FET device in this inverted configuration (Fig. 4C ) demonstrated excellent S/N peaks correlated with the spontaneously beating heart. The average magnitude of the conductance peaks, 164 ± 7 nS, and calibrated voltage, 4.5 ± 0.2 mV, are similar to that recorded in more traditional "planar" configuration. In addition, similar recording was achieved on beating hearts in which bent chips were oriented with convex NW FET surface wrapped partially around the heart. Taken together, these results demonstrate that our flexible and transparent NW chips can be used to record electronic signals from organs in configurations not achievable by conventional electronics [37] .
Our studies of neurons [41] and heart tissue [37] demonstrate that NW devices can be used as a general platform to investigate electrogenic biological systems. A separate group also demonstrated that lithographically patterned top-down NW FETs can be used to record signals from rat cardiomyocytes and monolayers of rat aortic smooth muscle cells with high S/N and mV amplitudes [42] . In our own laboratory, we investigated cultured cardiomyocyte monolayers in a new manner and probed the relationship between interfaces and signal magnitude [43] . This relationship, though never studied in the context of NW devices, is critical to understand given the unique interactions that exist between cells and nanoscale structures [26] [27] [28] [29] [30] [31] [32] [33] [34] .
FLEXIBLE INTERFACES WITH CELLS USING NW FETs
Characterization of NW/cardiomyocyte interfaces
We developed a flexible scheme for interfacing cardiomyocytes and cells in general with NW FETs. Chips were fabricated using the same process used for neuron and heart studies [37, 41] (Fig. 5A) . Separately, cardiomyocytes were cultured on thin, optically transparent, and flexible pieces of poly - dimethylsiloxane (PDMS) (Fig. 5B) to form cell monolayers, and then a PDMS/cardiomyocyte substrate was positioned over the NW FET chip in extracellular medium (Fig. 5C ). PDMS/cardiomyocyte cell substrates were aligned to bring spontaneously beating cells into direct contact with the NW FETs (Fig. 5D ), thus enabling measurements from defined monolayer regions with specific devices. The ability to manipulate the PDMS/cell substrate independent of the NW FET chip also enables us to identify specific cardiomyocyte regions using an optical microscope, place the desired cell or cell network over NW FET devices, and then record from the desired region. Two examples are shown in Fig. 6 . In the first case, a patch of spontaneously beating cells was located (red dashed line, Fig. 6A ), placed over a specific device, and conductance vs. time data recorded (Fig. 6B ) yielded a signal amplitude of 4.2 ± 0.3 mV. In a second example, a distinct cell in a cardiomyocyte monolayer was located (red dashed line, Fig. 6C ), placed over a different device and conductance vs. time data yielded an amplitude of 2.1 ± 0.3 mV (Fig. 6D) . Importantly, our ability to identify and register specific cellular regions over NW FET elements has not been demonstrated previously for either planar or nanoscale FET where cells have been cultured directly over device chips. This capability opens up the possibility of a number of interesting studies in the future, including multiplexed recording from well-defined multi-cellular configurations as well as multiplexed measurements at the single cell level for subcellular resolution investigations. These basic results for NW FET recording from PDMS/cardiomyocyte samples can be compared to previous studies of cardiomyocytes. For example, studies of cardiomyocyte monolayers cultured on conventional planar FET devices have yielded peaks with S/N of 2-6 and amplitudes from 0.2 to 2.5 mV [7, 8] . In general, our NW FETs yield better S/N with values >4 and a maximum of 25 observed. In addition, the typical calibrated voltages recorded in our measurements are similar to or greater than the largest values reported previously. The improvement in peak amplitude is consistent with the fact that the nanodevices protrude from the plane of substrate and hence can increase NW/cell interfacial coupling [26] [27] [28] [29] [30] [31] [32] [33] [34] .
NW sensitivity experiments
These key features of our experiment can be seen in the photograph of a typical set-up (Fig. 7A) , which highlights the NW FET chip with flexible input/output to recording instruments, PDMS/cell substrate manipulator, and microscope objective. Plots of NW FET conductance (G) vs. applied water-gate voltage (V g ) for three representative devices immersed in extracellular medium yield sensitivity values, G/V g , at V g = -0.3 V of 13.8, 17.2, and 31.1 nS/mV. These sensitivities are similar to our previous studies of NW FET devices fabricated on both rigid and flexible plastic substrates [21] . In addition, optical images (inset, Fig. 7B ) show clearly that individual devices can be visualized, including S/D electrodes and the NW active element. Measurement of the conductance vs. time from a SiNW FET in contact with a spontaneously beating cardiomyocyte cell monolayer (Fig. 7C ) yields regularly spaced peaks with a frequency of ca. 1.5 Hz and S/N, ≥4. Comparison of the two traces (Fig. 7C ) also shows that the conductance peak magnitude is directly related to the device sensitivity; that is, the data recorded at V g = -0.3 and 0 V had average peak amplitudes of 25.4 ± 3.9 and 9.9 ± 1.6 nS, respectively. Notably, the calibrated voltages for these traces, 2.8 ± 0.4 and 2.8 ± 0.5 mV, were the same within experimental uncertainty. These results confirm the stability of the interface between the NW FETs and PDMS/cardiomyocyte cells, and highlight the necessity of recording explicit device sensitivity to interpret corresponding voltages. This important point is further illustrated in the summary of data recorded with V g values from -0. ( Fig. 7D) , where the conductance signal amplitudes decrease from 31 to 7 nS, respectively, but the calibrated voltage, 2.9 ± 0.3 mV, remained unchanged [43] .
Cell substrate displacement experiments
The ability to manipulate the PDMS/cell substrate independent of the NW FET chip also opens up new opportunities compared with cells cultured directly on device arrays. For example, we investigated the relationship between recorded signal magnitude when a micropipette displaced the PDMS a fixed distance (Fig. 8A) . A direct comparison of single peaks recorded for increasing displacement values (Fig. 8B) shows a consistent monotonic increase in peak amplitudes from 31 to 72 nS. In addition, this high-resolution peak comparison demonstrates that there is no observable change in peak shape or peak width over this >2× change in amplitude, and that the peak width is consistent with time-scales for ion fluxes associated with ion-channels opening/closing [7] . A summary of data obtained for increasing/decreasing displacements (Fig. 8C) shows clearly the systematic 2.3-fold increase in peak amplitude, and moreover, demonstrates these amplitude changes are reversible. Recent studies of Aplysia neurons cultured on planar FET devices have also reported an increase in peak amplitude when the cell body was displaced [44] . In both cases, the enhanced signal amplitudes can be attributed to a decrease in gap between the cell membrane and devices, although future studies will be needed to quantify such junction changes.
ULTRA-SHORT-CHANNEL NW TRANSISTORS FOR POINT-LIKE CELLULAR INTERFACES NW synthesis and investigations
Although most SiNW systems are synthesized by the well-studied vapor-liquid-solid (VLS) growth mechanism, it was recently shown [45, 46] that a vapor-solid-solid (VSS) mechanism can be used to form abrupt Si/Ge heterojunctions along the growth direction of the NWs. The abrupt junctions were made possible due to slow growth rates of the VSS mechanism, which are at least 10-100 times lower than for VLS grown NWs [47] [48] [49] . Although the VSS growth mechanism has been demonstrated, a viable method to synthesize functional "point-like" NW devices by controlling the dopant profile has not been realized. We reported the first bio-electronic interface between cells and synthetically integrated short-channel SiNW FETs grown by a VSS mechanism. The flexibility of the bottom-up approach has enabled us to explore the size scale at which electrical extracellular interfaces can be made. Our approach to synthesize SiNWs with controlled NW dopant profiles is presented in Fig. 9A . First, we synthesize a highly doped n-type (n ++ ) segment that will serve as the source (S) electrode using the VLS mechanism at a temperature above the Au-Si eutectic point (T eu ). Second, in order to synthesize the short channel we reduce the temperature below T eu to solidify the Au catalyst and transition to a VSS growth mechanism, which permits superior control of the channel length and dopant profile as compared to VLS growth mechanism [49] . Last, we raise the temperature above T eu to transition back to a VLS growth mechanism and synthesize the last n ++ region, which will serve as the drain (D) electrode for the short-channel device. As illustrated in Fig. 10A , these short-channel devices are used to create a cellular interface potentially capable of detection on the length scale of a few protein molecules or ion channels [50] .
The key synthetic parameters for the SiNW short-channel devices are characterized in Fig. 9 . We synthesized NWs with channel lengths of 50, 80, and 150 nm, as exemplified by the scanning electron microscopy (SEM) images of selectively etched NWs (Fig. 9B) . Using a calibrated growth rate of 1.0 nm/min (Fig. 9C) , these three n ++ /i/n ++ structures were grown in VSS mode at 340 °C by changing the growth time used for the intrinsic channel. Our growth rates are in good agreement with published data [45, 46] and are ~10-100 times smaller than published VLS growth rates of 100-600 nm/min [47, 48] . In addition, phosphorous elemental mapping obtained with an aberration-corrected scanning transmission electron microscope (Cs-STEM) allowed us to quantitatively characterize the abruptness of the n ++ /i/n ++ dopant transition. As shown in Fig. 9D , the elemental map and line profile exhibit an abrupt drop in phosphorus counts over a span of ~5 nm within the intrinsic channel of the NW. These results are in accord with previously synthesized heterostructures using a VSS growth mode [45, 46] and demonstrate our unique capability to synthetically encode sharp, well-defined dopant junctions in the NWs.
the calibrated voltages of these peaks are the largest amplitudes yet recorded using SiNW FETs, yielding values of 14.4, 12.5, and 25.7 mV for cases I, II, and III, respectively. To prove that only the active channel records signals, we simultaneously recorded a control device fabricated on one of the n ++ arms; not surprisingly, the short-channel device recorded rhythmic changes in conductance while the control device showed no signal (Fig. 10C black trace) . Further investigation of the peak-to-peak width of the recorded signals (Fig. 10D) indicates that these signals have a peak-to-peak width of 520 ± 40, 450 ± 80, and 540 ± 50 μs for cases I, I, and III, respectively. These results are significantly smaller than the peak-to-peak width, 750-850 μs, measured for devices with micron-scale active channels [43, 51] (Fig.  10D, purple circle) . Interestingly, the time constants reported for sodium ion channel conduction are ca. 500 μs [52] , which is in good accord with time constants measured from short-channel NW FETs. The Nanowire nanoelectronics 895 results indicate that these NW devices may be capable of measuring ion channel activity on the length and time scale of single ion channel events; however, further studies will be necessary to corroborate this hypothesis.
Multiplexed measurements
To further illustrate the capabilities of this new approach, we reproducibly synthesized multiple n ++ /i/n ++ channels on a single SiNW either via VSS or VLS growth mode [50] . We utilized the flexibility of this bottom-up approach to fabricate closely spaced FETs on single NWs and interfaced these devices with cardiomyocytes (Figs. 11A-C) , giving rise to clean signals at a ~1 Hz frequency (Fig. 11D ). Quantitative analysis of the time lags between devices is presented in Fig. 11E [50] . The signal from device 1 (labeled d1 in Fig. 11C ) precedes device 2 (d2) and device 3 (d3) because of spatial propagation of the signal from d1 toward d3. Moreover, the signal spreads from d1 to both d2 and d3 with speeds of 0.17 and 0.35 m/s. In addition, we have extended our approach of synthetically encoding devices to separations smaller than 2 μm (Fig. 11F) . Specifically, three 130-nm short-channel devices were interfaced with spontaneously beating cardiomyocytes and used to record the conductance changes as a function of time (Fig. 11G) . These data show well-defined, correlated extracellular peaks with a ~1 Hz frequency. Data from 375 beating events recorded simultaneously from the three devices were analyzed [41] to determine time differences between pairs of devices. The results (Fig. 11H) show time lags of 4.9 and 89 μs for the two devices separated by 1.9 μm (Fig. 11G, d1 and d2) and 73 μm (Fig. 11G, d1 and d3) , respectively. The corresponding signal propagation speeds of 0.4 and 0.8 m/s are in good agreement with published data of signal transduction in cultured cardiomyocytes. Interestingly, the signal propagation across multiple cell junctions, between d3 to d1, showed a larger SD (19 μs) than the case of within a single cell (d2 to d1, 7.6 μs). These results may reflect multiple signal paths over longer distances between cells, although future studies will be required to conclusively illuminate the nontrivial deviations in the distributions, including, for example, the dynamic redistribution of density of ion channels over the time course of our recordings [53] .
In conclusion, we have demonstrated the synthesis of axial dopant-modulated ultrashort SiNW FET devices via the VSS growth method and the use of these devices for recording extracellular field potentials with high spatial resolution. Using the VSS mode, we were able to grow segments as small as 50 nm in 40-nm-diameter SiNWs. Elemental mapping of phosphorous across the short-channel segments revealed a transition length <5 nm, which is an order of magnitude smaller than the VLS transition length. Devices with 150-, 80-, and 50-nm channel lengths faithfully recorded extracellular field potentials from beating cardiomyocytes and demonstrated no decrease in the calibrated (voltage) extracellular potentials and S/N with decreasing device size. Temporal analysis of the recorded peaks also revealed distinct differences between these ultrashort devices and longer channel-length devices. The peak-to-peak width of the ultrashort devices, ~500 μs, was comparable to the intrinsic time constant for Na + -ion channels and smaller than longer channel-length devices, thus highlighting the potential of these "point-like" detectors for probing ion channel activity. Moreover, the flexibility of the bottom-up synthetic approach allowed us to create multiple ultrashort devices in single SiNWs, allowing us to detect signal propagation at the subcellular level. These findings open up unique opportunities for fundamental, subcellular biophysical studies and also make steps toward the limit of building electronic interfaces at close to the molecular level.
CONCLUSION AND PROSPECTS
In recent years, NW devices have been implemented as a broad platform for electronic interfaces with cells and tissue, demonstrating several key points [37, 41, 43, 51, 54] . First, NW FETs having orders of magnitude smaller recording area than previous techniques were used to measure extracellular signals from individual cells and tissue. These signals, in the mV range, are considerably larger than those measured using planar, lithographically patterned FETs or MEAs [5] [6] [7] [8] , possibly because of enhanced coupling between the nanoscale device and cell membrane. The signal magnitude is directly correlated to (a) device sensitivity (transconductance) [37, 43] and (b) interface quality between cells and substrate [43] . Second, NW devices were used to connect with individual neurons at the level of individual axons or dendrites [41] , and with heart tissue [37] or cardiomyocytes at the subcellular level [43, 50] . Moreover, multiplexed recording from NW FETs has subsequently enabled signal mapping in the context of neurons, acute brain slices, heart tissue, and cardiomyocytes [37, 41, 43, 54] . Third, using our well-controlled synthesis method and utilizing the advantages of the bottom-up approach we demonstrated for the first time recording of electrical signals within a cell using either an unconventional nanoFET 3D probe [55, 56] or new device geometries that break the planar natures of NW FETs fabricated on chip surface [57] .
These methods represent a general and flexible approach for creating hybrid nanoelectronic-biological devices that serve as the foundation for new, fundamental studies as well as novel directions in biomedical research and applications (Fig. 12) . A remarkable property of NWs is that their material composition and corresponding properties can be tuned at the time of synthesis. This opens up future opportunities in the design of ultra-high sensitivity transistors through band structure engineering [13, 16] , incorporation of photonic materials for light-addressable interfaces with photoactive cells [58] , or use of additional novel geometries (e.g., branched NWs [17, 59] ) to further improve device-membrane coupling [57] . Moreover, incorporation of different geometries and types of devices will enable a two-way communication with cells and tissue, i.e., the use of vertical NW electrode array or stealthy metal probes [60, 61] Finally, in the future, NW device arrays may be used to correlate electronic signaling with chemical release or to simultaneously detect a matrix of biologically relevant species. These techniques, pushing the boundaries of present technologies, could lead to new drug assays or breakthroughs in fundamental bioscience. NWs could also serve as a foundation for new and powerful prosthetic devices. Significantly, NW devices assembled on biocompatible substrates that form intimate extracellular or intracellular connections with excitable cells and tissue may be used as functional prosthetics, which could complement current biomedical technologies, by blurring the distinction of biological systems and electronic systems [62] . This new direction has been demonstrated recently by the first demonstration of a merging of digital world and a tissue in the form of an engineered tissue with embedded nanoelectronics motifs [63] .
